Abstract: Poly(3-hexylthiophene) (P3HT) films and P3HT / fullerene photovoltaic cells have been p-doped with very low levels (< 1 wt. %) of molybdenum tris
Introduction
Semiconducting polymers have an emerging role in electronic devices, such as organic photovoltaics (OPVs), fieldeffect transistors (OFETs), and light-emitting diodes, in part due to the tunability of their electronic and physical properties as well as their adaptability to a number of low-cost processing techniques. However, these materials have inherent trap, or gap, states due to structural/morphological imperfections and irregularities [1] [2] [3] or to impurities originating from synthetic or material processing [4] [5] [6] . These states are located in the transport gap between the valence and conduction bands [7] [8] [9] [10] , and can impede charge transport and, in the case of organic photovoltaic systems, result in an increased probability of charge recombination.
Doping with redox-active molecules can potentially affect the influence of trap states [11, 12] . In organic semiconductors, doping is generally carried out with high dopant loadings in order to significantly shift the Fermi level and thus reduce carrier-injection barriers, and/or to improve conductivity (σ) by adding "free" carriers to the transport levels. Although these effects are useful for applications such as hole-extraction layers for OPVs and for reducing contact resistance in OFETs [13, 14] , high levels of doping are unsuitable for the channel of OFETs, where they can reduce the current on/off ratio and for the ac- tive layer of OPVs, where high conductivity materials can decrease shunt resistance and eventually result in shorting between electrodes [15] [16] [17] . However, very low levels of dopants (or use of dopants that are insufficiently strong reductants or oxidants to introduce free carriers) can potentially also be used to fill or empty gap states [11, 12] , without introducing excessive conductivity. It has been shown that low molecular doping levels (generally < ca. 1 wt. %) can passivate gap states in organic semiconductor films [18] [19] [20] . For example, in studies of co-deposition during vacuum deposition of C 60 , the conductivity initially increases in a superlinear fashion with the loading of n-dopant, but at higher doping levels approaches a linear dependence; these two regimes of dependence on dopant levels have been assigned to trap-filling and contribution of carriers to the conduction band, respectively, and suggest a trap density of 10 18 -10 19 cm −3 [18] . Channel doping of C 60 -based OFETs in the trap-filling regime of dopant concentration can be used to increase the mobility and decrease the threshold voltage without significantly impairing the current on/off ratio [21] . Low levels of p-doping have also been applied to the active layers of bulk-heterojunction polymer/fullerene solar cells. p-Doping of PCPDTBT/PC 61 BM with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane (F 4 TCNQ) was found to increase the power conversion efficiency (PCE), mostly due to an increase in the short-circuit current (J SC ), from 3.3% to a maximum value of 3.6% at a loading of 0.5 wt. % with respect to the polymer, with further increases in the doping level leading to a decrease in PCE [22] . Low levels of F 4 TCNQ doping have also been found to improve the PCE of a variety of other polymer/fullerene blends including PCDTBT/PC 71 BM cells, for which the PCE was increased from 6.4 to 7.9%, again largely as a result of increasing J SC , by use of 0.4 wt. % of the dopant [23] .
Despite the publication of several studies of the effects of p-doping on bulk-heterojunction OPV devices [22, 23] based on donor-acceptor polymers, we are unaware of any such OPV doping studies that employ the widely studied OPV material, poly(3-hexylthiophene) (P3HT), an important reference conjugated polymer widely used in organic electronics and photovoltaics. Here we investigate the effects of low doping levels on the electronic and morphological characteristics of P3HT films and on the device performance of P3HT/PC 61 BM solar cells. We principally employ the molecular p-dopant molybdenum tris [ Mo(tfd-COCF  3 ) 3 , which has a high EA of ca. 5.6 eV [24] , has been shown to p-dope graphene and small-molecule organic semiconductors [25, 26] , and has sufficient miscibility with organic solvents and many semiconductor materials to allow for solution processing¹.
Experimental Procedures
Poly(3-hexylthiophene-2,5-diyl) ( Field-effect transistors were fabricated by spincoating of doped solutions onto 45 nm gold electrodes on 5 nm-thick ITO, prepatterned onto 240 nm silicon oxide on silicon substrates, with channel lengths of 2.5, 5, 10 and 20 µm (example Figure S1 ). Doped solutions were premixed by adding small volumes of 0.1 or 1 mg/mL Mo(tfd-COCF 3 ) 3 solutions to 15-25 mg/mL P3HT chlorobenzene solutions and stirring for up to an hour in inert atmosphere. Mobilities were tested using an EP4 cascade microtech probe station & a Keithley 2400 source meter. The drain bias was held at −60 V while the gate was swept from 80 to −70 V. Thicknesses were determined using a Dektak 150 profilometer. Though they exhibit reasonable hole mobilities, P3HT OFETs prepared from chlorobenzene exhibit hysteresis and poor on/off ratios (see Figure S11 ). These effects may be particular to the solvent chosen. Chlorobenzene is not popularly used in P3HT OFETs, but was nevertheless used here for consistency with the bulk heterojunction solar cell work, which is the central theme of this study. To ensure that the solvent choice did not affect the results, another limited study was performed with , and δH = 6.1 MPa 1/2 were obtained [42] . Beyond the rather poor overlap of the dispersion solubility parameters of the dopant with the semiconducting materials, these HSP suggest better dopant miscibility with the fullerene than with the polymer. An important limitation of these predictions is that they assume neutral molecules and do not account for the coulombic attraction between the dopant anions and the doped material. toluene, which is more commonly used as a solvent for fabricating P3HT OFETs. While overall mobility values were higher (ca. 10 −2 cm 2 V −1 s −1 ) than for the chlorobenzene devices, neither series exhibited any clear dependence of the mobility on the doping level (see Figure S10) .
Photovoltaic devices were fabricated on 200 nm-thick patterned ITO-on-glass substrates. Substrates were sonicated in sodium dodecyl sulfate solution, water, acetone, and isopropanol, and then UV-ozone cleaned for 10 min. An 80% ethoxylated polyethylenimine (PEIE) solution (0.4 wt. % in ethanolamine; Sigma Aldrich) was spin-cast at 4000 rpm for 30 s, then annealed at 120 Photoelectron spectroscopy was performed in an ultra-high vacuum environment with a SPHERA U7 hemispherical energy analyzer (Omicron Nanotechnology), with a 5 eV pass energy and 0.05 eV step size. Films were spun-cast on ITO-coated glass after UV-ozone treatment of the substrates.
Transmission electron microscopy (TEM) was performed on a FEI Titan 80-300 ST equipped with a spherical aberration corrector for the probe to perform aberrationcorrected scanning transmission electron microscopy (AC-STEM) analysis. Moreover, the analysis was carried out by operating the microscope at an accelerating voltage of 300 kV; AC-STEM micrographs were recorded by using an high-angle annular dark-field (HAADF) detector that was attached above the projection chamber. A camera length of 115 mm was set in order to have HAADF-STEM Images with true composition contrast (or Z-contrast). In this way, the presence of higher atomic number dopants in organic materials was easily identified in the low atomic number host material. P3HT films prepared for TEM were spun-cast on UV ozone-cleaned glass substrates (without ITO layer), then transferred to Cu TEM grids by dipping, delaminating and floating the films to the surface of DI water.
Grazing-incidence wide angle X-ray scattering (GI-WAXS) was conducted on doped films on silicon substrates at the EAST -D1 beamline (http://www.chess.cornell. edu/chess/east/D1.htm) at the Cornell High Energy Synchrotron Source (CHESS) at Cornell University. The experimental parameters define the sample to detector distance as 100.25 mm, the X-ray wavelength as 1.155 Å, and the detector angle 0.15 ∘ . Data were analyzed using Fit 2d. (http: //www.esrf.eu/computing/scientific/FIT2D/) Films for Rutherford backscattering (RBS) were prepared on UV-ozone cleaned glass. The HRBS-V500 instrument, from Kobel Steel, was operated using a 400 keV alpha-particle beam in order to move the molybdenum feature into the instrument's range.
Atomic force microscopy (AFM) was conducted on a Bruker Dimension Icon, using Bruker RTESP-150 antimony-doped silicon tips. Films were spin-cast on glass substrates.
Results & Discussion
To discuss the effects of trap passivation by p-dopants, it is important to differentiate between 'trap-emptying' and 'band-emptying' effects. An undoped semiconductor typically has its Fermi level near the mid-point between its valence band and conduction band [28, 29] . With certain material systems, this level can be found closer to either valence or conduction band, depending on the distribution of trap states within the transport gap, as well as the various details of the band structure [7] [8] [9] [10] . The density of these states will vary between materials and for polymers can be dependent on molecular weight, crystallinity, and morphology. For a hole-transporting material, the initial addition of p-dopants can abstract electrons from the lowdensity states above the valence band, moving the Fermi level towards the valence-band edge [11, 12] . Once local gap states have been passivated, dopants will remove electrons from the band itself. As the density of states is much higher than that within the gap, a much greater amount of dopant is required to shift the Fermi level or increase the conductivity by a given amount.
Conductivities were measured laterally in spin-coated P3HT films containing various loadings of Mo(tfd-COCF 3 ) 3 (and no fullerene) using the ohmic (linear) region of the I-V curves, determining current density with film thickness and channel length. The fitted σ values are displayed for pristine & annealed films in Figure 1 according to their wt. % dopant, as has been used in previous studies with polymers. For means of conversion, 1 wt. % dopant is equivalent to 1 dopant molecule for every 511 P3HT monomer units. The evolution of the conductivity with increasing dopant concentration reveals a more complex progression than found in an evaporated fullerene system reported by Olthof et al. [18] . The measured σ of the undoped P3HT thin film was 1.4 × 10 −5 S/cm, in good agreement with literature values [13] . This is adversely affected when very low concentrations of dopant are present, decreasing to 
× 10 −7
S/cm at 10 −3 wt. % dopant. This change is attributed to alterations in the P3HT order upon the introduction of the small molecules into the film (vide infra). Similar trends have been seen for the lowest doping concentrations of F 4 TCNQ in P3HT [30] . This regime is followed by a sharp increase in σ as the doping level is increased to ca. 0.01 wt. %; we attribute this effect to the ultra-low doping, trap-filling regime, although this increase is largely the recovery of conductivities comparable with those of undoped films. The further increase at higher levels is more gradual, suggesting valence-band doping. These improvements in the conductivity are presumably largely attributable to an increase in the number of charge carriers. Certainly the field-effect mobility (given in Figure S2 and Table S1 ) is rather invariant with doping level, as has been similarly observed for other doped materials [26] ; however, the mobility under saturation conditions is likely to be very different to that relevant to the conductivity measurements since in the former the number of injected carriers, and, therefore, potentially the extent of trap-filling, greatly exceeds the number of carriers contributed by the dopants. However, no remarkable changes are observed in the system morphology at these particular doping concentrations. Annealed (120 ∘ C, 10 min) samples behave similarly to unannealed samples, with only a slight difference in the doping level at which the trapfilling regime begins.
The work function (WF) and ionization energies (IE) of doped P3HT films (containing no fullerene), determined by photoelectron spectroscopy, exhibit trends that can be related to those in conductivity as seen in Figure 2 . A pristine, 20 nm P3HT film spin-cast from chlorobenzene on UV-Ozone-cleaned ITO, exhibited a WF and IE of 3.83 ± 0.02 eV and 4.54 ± 0.03 eV respectively, indicating that the onset of the valence band lies ca. 0.71 eV below the Fermi level, in agreement with literature values [31, 32] . The lowest doping concentrations result in a lower WF than undoped P3HT, so that the valence band lies up to ca. 0.83 eV away from the Fermi level, in contrast to the expected effect of p-doping, but consistent with the decrease in conductivity seen in this doping regime. The lowest concentrations of p-dopants might not effectively lead to a shift in the Fermi level due to a high population of deep trap states, as observed by Tietze et al. [33] . As the doping level is increased further, the WF steadily increases until about 0.01 wt. % dopant after which it increases more gradually, the difference between the IE and WF decreasing in much the same way. Figure S3 displays a high-resolution scan of the area between the valence band and the Fermi level acquired using a decreased step size and longer exposure. These spectra were adjusted to remove higher kinetic energy satellite features, baseline subtracted, normalized to the main valence-band feature, and smoothed. The corrected spectra reveal the presence of a low, but non-zero, densityof-states extending across the energy range between the Fermi level and the valence band maximum. In the region corresponding to ultra-low doping, 0.001 to 0.1% dopant by weight, this feature undergoes a significant reduction in intensity, which could be indicative of the trap-state passivation and changes in the energy distribution of the remaining traps.
In previous studies in which bulk-heterojunction polymer/fullerene solar cells have been p-doped, PCEs have been increased at dopant levels of up to 0.4-0.5 wt. % [22, 23] . In the present system, however, doping of the active layer of ITO/PEIE/P3HT:PC 61 BM/MoO 3 /Ag OPVs with Mo(tfd-COCF 3 ) 3 results in a decrease in performance for all doping levels examined, largely through a drop in the fill factor as displayed in Figure 3 & Table 1 . Even at the lowest concentrations at which we anticipate gap-state passivation, the values of J SC , V OC , and FF decrease sharply relative to the pristine sample. Such drops in FF and V OC may be an indication of increased recombination. At dopant concentrations of 0.005 to 0.01 wt. %, at which we anticipate the most efficient trap passivation without contribution of charge carriers, there is a slight increase in J SC , although this effect cannot be unambiguously attributed to trap passivation and at no point do efficiencies exceed the values for pristine samples. The fill factor proceeds to drop at higher doping levels, as charges are extracted from the valence band, and the curves develop S-shapes indicative of poor charge extraction.
The morphological and microstructural consequences of introducing dopants into P3HT films were probed with TEM, AFM, Spano model-fitting of UV-vis absorption spectra, GIWAXS, and Rutherford backscattering spectrometry (RBS). Figure 4 displays TEM images of P3HT films (without fullerene), floated from glass substrates, which identify the distribution of the dopants' molybdenum atoms within the organic phase in more heavily loaded samples (≥ ca. 1 wt. %). At 1% dopant by weight, the lighter features indicate a non-uniform distribution of dopants with clusters sized up to a few nanometers. As the loading is increased to 5 wt. % the dopants are found to have further segregated, clustered into areas with dimensions of ca. 10 nm. Energy-dispersive X-ray spectroscopy ( Figure S5 ), conducted on one of these clusters, identifies the molybdenum Kα relaxation at 17.3 keV. The uneven distribution at lower doping concentrations could indicate that the dopants are largely forced out of the crystalline regions of the polymer, interacting only at phase edges and in the amorphous region. This is in stark contrast to the doping of P3HT with the planar dopant F 4 TCNQ, where wellblended phases can be observed at similar dopant loadings [34] . The observation of dopant clusters suggests that a large fraction of molecules present may be ineffective as dopants, possibly explaining the unusual trends in conductivity and mobility. These clusters may instead be acting quenching or recombination sites in the BHJ, explaining the drop in FF.
The surface morphology of BHJ films, as revealed by AFM in Figure 5 , reveals a disruption of the fibrillar morphology at the surface of the film in the presence of the dopant, offering compelling evidence of the effect of the dopant on polymer organization. After the inclusion of the p-dopant, the short fibrillar morphology seen in the phase scan of the undoped material becomes patchy and irregular, suggesting that the dopant may disrupt the fibril formation near the surface, with dopants either blocking phase formation or acting as nucleation sites. The surface roughness is, however, relatively unaffected however; root mean squared (RMS) values were 0.47 and 0.40 nm for the pristine and 0.1 wt. % doped BHJ films, respectively.
The UV-vis absorption spectra of P3HT films (without fullerene) were analyzed quantitatively to look for subtle changes in the local order upon doping. Applying a weakly interacting H-aggregate model to the absorbance of p-doped P3HT films, the fraction of aggregated P3HT and the free-exciton bandwidth (W) were estimated at various dopant concentrations [35] . W is related to conjugation length and intrachain order within the aggregates and can be estimated from the ratio of the 0-0 and 0-1 peak absorbance using the expression:
In this case the main intramolecular vibration, Ep, coupled to the electron transition is assumed to be a C=C symmetric stretch with an energy of ca. 0.18 eV. The 0-0 to 0-4 absorbance peaks are fitted with Gaussian distributions to an absorbance spectrum in the fashion demonstrated in Figure 6 .
Fitted values for the fraction of photophysical aggregates, determined by the ratio of the fitted peaks attributable to aggregated polythiophene over the full integrated spectrum, and W are given for doped P3HT films in Figure 6 . Assuming the validity of the H-aggregate model and that no other factors affect the absorption spectrum, analysis of the spectra suggests that for low dopant concentration there is a drop in the aggregate fraction relative to undoped polymer, with the amorphous portion weighted for its lower oscillator strength. The aggregated portion drops by almost 7 % at 10 −3 wt. %, coinciding with the decrease in conductivity observed in Figure 1 , though the exciton bandwidth of the aggregated portion experiences minimal changes. This can be attributable to the hypothesis that the interactions of the dopant only take place within the amorphous regions of the polymer and, at this concentration, the mixing of the materials results in a decrease of the proportion of ordered phase present. In blends with F 4 TCNQ, incorporation of the dopant into the aggregated P3HT phase has resulted in an increase in A 0−0 /A 0−1 , attributed to longer interaction lengths [36] , which is not observed in our system. At higher concentrations the fraction of aggregate returns to typical values, while the exciton bandwidth also grows slightly larger than for pristine values, indicating that while it is possible that dopant presence is affecting aggregates and resulting in a slight decrease in intrachain order, it is likely that most of the dopant has been pushed out of the polymer phase. A similar trend for annealed (120 ∘ C, 10 min) samples is observed, albeit with intrinsically higher W and fraction aggregates, and is shown in Figure S6 , indicating that the effect of the dopant is independent of thermal processing.
Grazing-incident wide-angle x-ray scattering for P3HT films (without fullerene), displayed in averaged 1D q-plots in Figure 7 , supports the optical analysis in that, while there appears to be a general trend of slight lamellar disorder induced by doping apparent in an increase of dspacing in diffraction peaks, there is no compelling evidence of interruptions in short-range order, such as a de- crease in integrated peak intensity that might be expected from the dopant's presence. From the undoped film, the π-stacking peak (010) shifts from 16.78 to 16.22 nm −1 , corresponding to an increase in d-spacing from 3.74 to 3.87 Å. The lamellar feature (100) also exhibits a shift from 15.6 to 16.2 Å. These increases in spacing are minor compared to the disruptions reported upon the incorporation of F 4 TCNQ into P3HT ordered phases, where d-spacings for 010 and 100 reach 4.11 Å and 18.0 Å respectively [37] . The successful blending of F 4 TCNQ into the P3HT phase is possibly due to its planar structure, as opposed to the 3-dimensional structure of Mo(tfd-COCF 3 ) 3 . An increasing loading of the p-dopant also coincides with a slight decrease in the intensity of the P3HT 100 peak. As film thicknesses are comparable, this may indicate a decrease in the lamellar order of P3HT chain packing upon the inclusion of dopants. Trends for annealed (120 ∘ C, 10 min) samples are indistinguishable from those in the unannealed series. The dopant distribution as a function of depth in a 5 wt. % doped film (without fullerene) was investigated with RBS. The heavy Mo nucleus allows facile differentiation of the dopant distribution inside the organic film, as was demonstrated by Qi et al. [38] . With an incoming helium particle beam at 400 keV, the calculated onset of particles scattered from surface molybdenum, at 360 keV, has a very low intensity as seen in Figure 8 . With decreasing energy, which corresponds to depth inside the film for a particular element, the feature grows roughly until 320 keV, suggesting that the dopants are unevenly distributed through the thickness of the film, with a tendency to settle away from the surface (although apparently still disrupting the P3HT fibril formation, as evidenced by AFM phase images). Employing a film thickness of 100 nm, the energy of particles scattered from molybdenum atoms at any depth is calculated to have zero overlap with other elements in the film, indicating that the present signal inten- sity is originating entirely from the presence of the dopant. The build-up at the bottom of the film could be responsible for the lower fill factors at higher doping concentrations, arising from surface dipoles between the PEIE and the aggregating p-dopants. The distribution of F, the other identifying element of the dopant, could not be as readily established given overlap between the signals from substrate elements. Work by Dai et al. indicates that a similar molybdenum dithiolene dopant does not readily diffuse through a P3HT:PCBM bulk-heterojunction film, suggesting that dopants are trapped after the drying and annealing processes are complete [39] , although rapid diffusion is observed into a P3HT film in the absence of fullerene; thus, it is worth pointing out that the depth distribution of dopants seen in the present RBS experiments may differ from that occurring in BHJ films.
p-Doping was also carried out with another oxidant, Ni(tfd) 2 , exhibiting a similar reduction potential to Mo(tfd-COCF 3 ) 3 , the planar shape of which might be anticipated to lead to less disruption of the P3HT film structure than can occur with the bulky 3-dimensional oxidant. Ni(tfd) 2 was applied in the same manner to P3HT:PC 61 BM solar cells ( Figure 9 & Table 2 ). The resulting trend is very similar to that seen using the non-planar Mo(tfd-COCF 3 )
3 dopant: after an initial drop in FF and J SC , values of these parameters increase with increasing dopant concentration to reach maxima (still lower than the values seen for undoped films), as was seen when using the molybdenum dopant. However, the doping concentration at which the FF and J SC appear to recover is around one order of magnitude lower for Ni(tfd) 2 than for the Mo dopant. Though this dopant has a planar structure, the central Ni atom and tetrahedral -CF 3 groups result in a slightly increased thickness orthogonal to the plane relative to that of F 4 TCNQ, which can possibly prevent their incorporation into P3HT aggregates.
Conclusion
The effects of ultra-low doping trends in P3HT were examined by conductivity & photoelectron spectroscopy experiments; this doping did not lead to an improvement in the OPV performance of bulk-heterojunction active layers with PC 61 BM. TEM, AFM, UV-vis. absorbance, X-ray scattering, and RBS data suggest that the dopant is not evenly dispersed in the active layer, aggregating in amorphous regions with increasingly large and well-separated aggregates as dopant concentration increases. Although there appears to be a minor change in the long-range ordering of the P3HT phase upon introduction of the dopant, as observed by AFM, there is no compelling evidence of dopant diffusion into the crystalline phase. The non-uniform inplane and out-of-plane distribution of the dopants, which results in interruptions in the long-range order of the P3HT phases and possibly manifests in over-doped pockets that increase energetic disorder inside the active layer, have a detrimental effect on the device performance that overshadows any possible benefit from passivation of the polymer trap states. In the complex morphologies that occur in OPV bulk-heterojunctions, the use of dopants will lead to additional complications, especially in well-ordered systems; for this reason, p-doping might be more successful with materials that have less short-range order than polythiophenes, a study that is currently underway. Table S1 : OFET results of neat P3HT films blended with 0.0001 to 0.01% by weight Mo(tfd-COCF 3 ) 3 , before and after annealing. There is no definitive trend, and no clear distinction between pre-and post-annealed samples. The slight increase in on/off ratio up to 0.01 wt. % dopant could be correlated with the decrease in conductivity observed relative to the pristine sample prior to reaching the trap-filling regime. The reduction of this ratio observed above 0.01 wt. % is consistent with the increase in conductivity associated with the band-filling regime of doping. V Th is unreliable due to hysteresis and was not compared to avoid misperception. Figure S10: OFET hole mobility trends of neat P3HT thin films prepared from toluene, doped with 0.001 to 0.1% (Mo(tfd-COCF 3 ) 3 .
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Figure S11: Demonstration of OFET hysteresis in devices of neat P3HT spin-cast from chlorobenzene.
